with 10% neonatal bovine serum, 4 g/ml puromycin. Vero/Bac36, a Vero cell line containing bacmid, which bore the KSHV genome and expressed GFP during latency, was cultured in DMEM supplemented with 10% fetal bovine serum and 100 g/ml hygromycin B. Human embryonic kidney 293T (HEK293T) cells were grown in DMEM supplemented with 2 mM L-glutamine, 25 U/ml penicillin, 25 g/ml streptomycin, and 10% fetal bovine serum.
Induction of KSHV particles. Five hundred milliliters of Vero/Bac36 or Vero/rKSHV.219 cells was induced by 25 ng/ml phorbol-12-tetradecanoate-13-acetate (TPA; Sigma-Aldrich, St. Louis, MO) and 3 mM valproic acid (VPA; Sigma-Aldrich, St. Louis, MO) for 4 to 5 days at an initial confluence of 90%. Five to 10 liters of BCBL-1 cells was induced by 25 ng/ml TPA and 3 mM VPA at a density of 0.5 ϫ 10 6 /ml for 6 to 7 days. Five to 10 liters of TRExBCBL-1-Rta cells was induced by 25 ng/ml TPA, 500 nm ionomycin (Sigma-Aldrich, St. Louis, MO), and 200 ng/ml doxycycline (Sigma-Aldrich, St. Louis, MO) for 6 to 7 days.
Isolation and purification of KSHV. Culture media from induced KSHV-positive cell lines were collected and cleared by centrifugation at 4,000 ϫ g for 30 min and then twice at 8,000 ϫ g for 10 min to remove cells and cell debris. The supernatant was passed through 0.45-m-pore-size filters. KSHV particles in the supernatant were then concentrated in a Beckman SW28 rotor for 2 h at 29,000 ϫ g. The pellets were resuspended in 1ϫ phosphate-buffered saline (PBS) overnight at 4°C. The concentrated virus particles were centrifuged twice in a Beckman SW41 rotor through 30 to 60% sucrose step gradients at 50,000 ϫ g for 4 h. Three virus bands corresponding to A, B, and C types of KSHV particles were collected. The virus particles were then diluted with 1ϫ PBS and further centrifuged in a Beckman SW41 rotor for 2 h at 29,000 ϫ g. The pellets were resuspended in 1ϫ PBS and stored at Ϫ20°C for further use.
Western blotting. Gradient-purified viruses were first separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to a nitrocellulose membrane. KSHV ORF62, ORF45, and ORF8 were detected by immunoblot with the following antibodies: sheep polyclonal antibody to KSHV ORF62 (ab16159), mouse monoclonal antibody to KSHV ORF45 (ab36618), and rabbit polyclonal antibody to KSHV ORF8 (ab36599) (Abcam Inc., Cambridge, MA). CD63 or CD81 was detected by immunoblotting with rabbit polyclonal antibody to CD63 (b10012; Aogma Group, Shanghai, China) or mouse monoclonal antibody 5A6 to CD81 (sc-23962; Santa Cruz Biotechnology Inc., Santa Cruz, CA), respectively. Near-infrared IRDye 800-labeled secondary antibodies corresponding to primary antibodies (Li-Cor, Lincoln, NE) were used to visualize the corresponding viral antigens. Finally, membranes were scanned using the Odyssey infrared imaging system (LiCor, Lincoln, NE).
Negative staining. Gradient-purified virus (3.5 l) was transferred to a glow-discharged copper grid, and we let the virus attach to the copper for 1 min. Samples were subsequently stained for 2 min with tungstophosphoric acid after washing three times using double-distilled H 2 O. We dried the copper grid with filter paper and then stored the already dry copper grid in the grid box at room temperature.
ISH-EM for probing miRNA. The basic strategy for using locked nucleic acid (LNA) probe to detect virional miRNAs by in situ hybridizationelectron microscopy (ISH-EM) is that biotin-labeled LNA probe was first utilized to hybridize with corresponding miRNA. Ten-nanometer colloidal gold particle-conjugated streptavidin was then used to detect the biotin on the hybridized LNA probe. 5=Biotin-labeled LNA probes for KSHV-encoded miR-K12-4-3p, hsa-miR-21, or scramble sequence were purchased from Exiqon (Vedbaek, Denmark). Ten-nm colloidal gold particle-conjugated streptavidin was bought from Sigma-Aldrich (St. Louis, MO). Data were collected with an FEI Tecnai G2 Spirit transmission electron microscope (FEI, Netherlands) at an acceleration voltage of 100 kV.
The detailed procedure for ISH-EM probing miRNAs included the following steps. (i) The nickel grids were glow discharged at 500 V, 2 mA, for 30 s. (ii) The grids were floated with carbon film side down on 5 l purified KSHV particles dissolved in PBS. (iii) The grids were washed with diethylpyrocarbonate (DEPC) (Invitrogen Corporation, Carlsbad, CA)-PBS three times, and then the virus particles were fixed on the nickel grids with 4% electron microscopy (EM)-grade paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis, MO) and 0.05% glutaraldehyde buffered in PBS (pH 7.4) at room temperature for 15 min. (iv) The fixative was washed away with DEPC-PBS five times, and the virus particles were punctured with 0.1% Triton X-100 buffered in PBS for 10 min at room temperature. (v) The grids were rinsed with DEPC-PBS five times, and the punctured virus particles were refixed by 4% PFA for another 5 min at room temperature. (vi) The fixative was removed with rinsing in DEPC-PBS five times. The nickel grids were prehybridized in prehybridization buffer (50% formamide, 2ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 10% [wt/vol] dextran sulfate, 250 g/ml yeast tRNA in DEPCtreated distilled H 2 O, pH 6.5 [prepared freshly]) at 37°C in a humidified chamber for 30 min. The solution then was incubated 10 more min in prehybridization buffer at 50°C. (vii) The biotin-labeled probe was denatured by boiling at 95°C for 5 min in prehybridization buffer with a final probe concentration of 40 nm. The diluted probe was cooled for 2 min. (viii) Fifty percent formamide in a DEPC-PBS-saturated humid chamber was added. Cutoff caps of microcentrifuge tubes were placed flat side down on a piece of parafilm overlying the filter papers. The caps were loaded with 200 l of hybridization buffer containing the denatured probe and placed on a hot plate at 50°C, and the prehybridized grids were transferred onto the probe-containing hybridization buffer in the microcentrifuge caps. The caps were covered with 6-cm petri dishes, covered again with 9-cm petri dishes, and incubated for 2 h. (ix) The unbound probe was washed at 50°C 3 times for 5 min each with prehybridization buffer. After the second wash it was left to cool down to room temperature. (x) The probe was washed 5 times for 2 min each on drops of 0.15% glycine (wt/vol) in DEPC-PBS. (xi) The grids were incubated 4 times for 2 min each on 1% bovine serum albumin (BSA) in PBS (freshly prepared) to reduce nonspecific binding of the streptavidin during the next steps. (xii) The grid was incubated for 1 h on a 5-l droplet of streptavidin-gold diluted (1:10 to 1:20) in 1% BSA in PBS (centrifuged at 8,000 rpm at 4°C for 2 min before use). (xiii) The grid was rinsed in 5 drops of 1% BSA in PBS five times for 1 min each and PBS drops five times for 1 min each. (xiv) The reaction was stabilized by a 5-min incubation on 4% PFA in DEPC-PBS. (xv) The grid was rinsed in 5 drops of PBS for 5 min and then washed in 10 drops of distilled H 2 O for 5 min. (xvi) The grids were contrasted with uranyl acetate-methylcellulose (UA-MC) (1:9), pH 4.0, for 8 min. (xvii) A wire loop was used to scoop the grid from the UA-MC, excess UA-MC was removed by dragging the loop with the grid over a filter paper, and the grid was dried in air for at least 10 min. (xviii) The grid was pinched out from the wire loop and stored on a grid box. The grid location was noted, as were the names and concentrations of labeling probes and samples. (xix) The results were visualized by using a transmission electron microscope (TEM) at an acceleration voltage of 100 kV.
Virional RNA extraction, purity, concentration, and size distribution. Gradient-purified KSHV virions were supplemented with 20 mM Tris-HCl (pH 8.0), 5 mM NaCl, and 2.5 mM CaCl 2 and then treated with micrococcal nuclease (TaKaRa Bio Inc., Shiga, Japan) and RNase A (TransGen Biotech, Beijing, China) in a final concentration of 100 U/ml at 37°C overnight. The reaction was quenched by adding 5 mM EDTA (Sigma-Aldrich, St. Louis, MO), and RNA was isolated by TRIzol LS reagent (Invitrogen, Carlsbad, CA) extraction according to the manufacturer's instructions, except that isopropyl alcohol precipitation was extended overnight. The concentration and purity of virional RNAs extracted from KSHV virions purified from different cellular backgrounds were measured by a NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). RNAs were size fractionated by an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
RT-PCR.
To validate the quality of KSHV virional RNA, reverse transcription-PCR (RT-PCR) primers were designed for some viral transcripts previously identified in KSHV virions. Before reverse transcription, virional RNA extracted from KSHV virions was treated with RNase or left untreated. RNA extracted from BCBL-1 cells was used as a positive control. The products of RT-PCR were loaded onto a 1.5% agarose gel for electrophoresis. The specificity of primers was judged by product length and dissociation curve. The primers used in RT-PCR were the following: PAN-RT-F, 5=ACTGGGACTGCCCAGTCACC3=; PAN-RT-R, 5=GCGC CTCGAGCTACAACTGGCCTGGAGATTG3=; ORF54-RT-F, 5=AACCC CACGTGGCTCTAGCA3=; ORF54-RT-R, 5=CCCTTGAGGATGTGTCT GCG3=; ORF58-RT-F, 5=GGCAGCCAGAAAACGCCGGA3=; ORF58-RT-R, 5=TGCCAGTCACGCACTTGGCC3=; ORF59-RT-F, 5=GACAGC GTCTCGCTGACAGA3=; and ORF59-RT-R, 5=CACACGCGTGAGCTA TTCGG3=.
Bulge-Loop RT-PCR and probe-specific TaqMan RT-PCR. Two g RNA extracted from KSHV particles was first reverse transcribed by ReverTra Ace (Toyobo, Osaka, Japan) according to manufacturer's instructions. Bulge-Loop RT-PCR was then performed according to the manufacturer's instructions (RiboBio, Guangzhou, China). In probe-specific TaqMan RT-PCR, 50 ng virional RNA was transcribed, and then RT-PCR was performed according to the manufacturer's instructions (Applied Biosystems, Foster City, CA).
Quantification of miRNA. miRNA copy number was analyzed by probe-specific TaqMan RT-PCR using miRNA mimics (RiboBio, Guangzhou, China) as the standard. Tenfold serial dilutions of miRNA mimics (with known copy numbers of miRNA) were transcribed as the template in RT-PCR for generating standard curves. The copy numbers of each viral miRNA were calculated by reference to the standard curve.
Deep sequencing. Scatter plot. To analyze the selectivity of virional miRNAs, differential expression analysis was performed between BCBL-1 virional miRNAs and miRNAs in BCBL-1 pellets by scatter plot. Deep sequencing reads for miRNAs in each sample are first normalized to obtain the expression of transcripts per million. Normalized expression equals the actual miRNA read divided by sample total clean reads times 1,000,000. Fold change was then calculated as log 2 (normalized read number per million in BCBL-1 virion divided by normalized read number per million in a BCBL-1 pellet). A fold change of Ͼ1 (P Ͻ 0.05) indicates data defined as upregulated. A fold change of ϽϪ1 (P Ͻ 0.05) indicates data defined as downregulated. A fold change between Ϫ1 and 1 indicates data defined as equally expressed. The P value was calculated by the following formula (2a):
where N 1 represents the total reads generated from deep sequencing for sample 1, N 2 represents the total reads for sample 2, x represents the read number for specific miRNA in sample 1, and y represents the read number for the same miRNA in sample 2. The next two equations allow the computation of an interval [y min , y max ]⑀, such as C(y Յ y min |x) Յ ⑀ and D(y Ն y max |x) Ն ⑀. Given that an miRNA is sequenced x times in one sample, the number of occurrences (y) of this miRNA in a duplicate experiment is expected to fall within the interval [y min , y max ]⑀ with a probability of 1 Ϫ 2⑀.
Viral genomic DNA extraction. Sucrose gradient-purified KSHV particles were resuspended in buffer consisting of 40 mM Tris-HCl (pH 7.4), 10 mM NaCl, 6 mM MgCl 2 , and 10 mM CaCl 2 . DNase I was added to a final concentration of 62.5 g/ml. This suspension was incubated for 1 h at 37°C, followed by inactivation of DNase I by incubation at 65°C for 15 min. A one-fourth volume of the 5ϫ lysis buffer (100 mM Tris-HCl [pH 7.4], 50 mM EDTA, 500 mM NaCl, 2.5% SDS) was added. Protease K was then added to a final concentration of 0.1 mg/ml. The reaction mixture was incubated at 55°C for 30 min and at 37°C overnight, followed by two phenol-chloroform extractions. Glycogen was added as a carrier, and viral DNA was precipitated with an equal volume of isopropanol, followed by an ethanol wash. The pellet was suspended in 10 mM Tris-HCl-1 mM EDTA and further treated with DNase-free RNase A (TransGen Biotech, Beijing, China).
Quantification of KSHV genome. The quantity of KSHV genome was determined as described previously (22) . Briefly, a plasmid named pGEM-T-ORFK9 containing a 184-bp fragment of KSHV ORFK9 (bp 84905 to 85088; KSHV genome accession no. AF148805) was used. Tenfold serial dilutions of pGEM-T-ORFK9 were used as the templates in real-time quantitative PCR (qPCR) for generating a standard curve. A 5-l aliquot of the viral DNA was used for the real-time qPCR amplification of the KSHV-specific sequence within ORFK9. The copy number of viral DNA was calculated and referenced to the standard curve. The primer pair for the real-time amplification of ORFK9 was ORFK9-F (5=G TCTCTGCGCCATTCAAAAC3=) and ORFK9-R (5=CCGGACACGACA ACTAAGAA3=).
Average copy number of virional miRNAs per KSHV virion. The average copy number of virional miRNAs per KSHV virion was determined with the following formula: average copy number of virional miRNA per KSHV virion equals total miRNA copy number in KSHV virions divided by total viral genome copy number in KSHV virions.
Constructs and transfection. Two DNA primer sequences were directly annealed together to form double-stranded DNA (dsDNA) which contains two repeated copies of sequence complementary to miR-K12-4-3p, miR-K12-5-5p, or hsa-miR-21. They were then inserted downstream of the firefly gene cassette of a reporter plasmid, pGL3 cM, which was digested with KpnI and XhoI. These three constructs were named pGL3 cM-miR-K12-4-3p-sensor, pGL3 cM-miR-K12-5-5p-sensor, and pGL3 cM-hsa-miR-21-sensor. The primer sequences were the following (miRNA sequences or sequences complementary to miRNA are underlined): miR-K12-4-3p sensor-F, 5=CTCAGCTAGGCCTCAGTATTCTAATCGTCAGCTAGGCCTCAGT ATTCTAC3=; miR-K12-4-3p sensor-R, 5=TCGAGTAGAATACTGAGGC CTAGCTGACGATTAGAATACTGAGGCCTAGCTGAGGTAC3=; miR-K12-5-5p sensor-F, 5=CCTTAGGGCACCAGGGACTACCTAATCGCTT AGGGCACCAGGGACTACCTAC3=; miR-K12-5-5p sensor-R, 5=TCGA GTAGGTAGTCCCTGGTGCCCTAAGCGATTAGGTAGTCCCTGGTG CCCTAAGGGTAC3=; hsa-miR-21 sensor-F, 5=CTCAACATCAGTCTG ATAAGCTAATCGTCAACATCAGTCTGATAAGCTAC3=; and hsamiR-21 sensor-R, 5=TCGAGTAGCTTATCAGACTGATGTTGACGATT AGCTTATCAGACTGATGTTGAGGTAC3=.
HEK293 cells were transfected with 100 ng each miRNA sensor and 2 ng pRL-SV40 as a transfection efficiency control using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
UV-inactivated KSHV preparation and KSHV de novo infection. To prepare UV-inactivated KSHV, induced supernatants filtered through 0.45-m-pore-size membranes were inactivated in 10-cm petri dishes with UV irradiation for 2 h. Equal volumes of supernatant containing KSHV treated with UV or left untreated were incubated with HEK293T cells at 4°C for 1 h and then transferred immediately to 37°C for 10 min with brief shaking. After incubation, HEK293T cells with or without incubation at 37°C were extensively washed with 1ϫ PBS five times, and RNA was subsequently extracted using TRIzol reagent (Invitrogen, Carlsbad, CA). For ex vivo infection, KSHV generated from induced iSLK/ rKSHV.219 cells treated with or without UV was used to infect HEK293T cells pretransfected with miRNA sensor (multiplicity of infection [MOI], 5) by centrifugation at 30°C, 2,500 rpm, for 2 h. Luciferase activities were assayed using a dual-Luciferase reporter assay system (Promega, WI) 24 h after KSHV de novo infection.
RESULTS
Purification and verification of KSHV particles. KSHV particles were first purified from the supernatant of reactivated KSHV-positive cell lines (Fig. 1A) . Three milky bands were observed only in the induced supernatant after 30 to 60% sucrose gradient ultracentrifugation (Fig. 1B) . According to previous studies, these three bands represent A type KSHV particles (empty virus particles, containing no scaffolding protein or viral genome in the viral capsid), B type KSHV particles (intermediate virus particles, containing scaffolding protein but no viral genome in the viral capsid), and C type KSHV particles (mature virions, containing viral genome in the viral capsid) (33) . Negatively stained samples observed under an EM demonstrated that all three bands contained particles with similar size and morphology to KSHV particles (Fig. 1C) . Western blotting using three antibodies specific to KSHV ORF8 (envelope glycoprotein B), ORF45 (tegument protein), or ORF62 (small capsid protein) showed that all three components of the KSHV particles could be detected in each band, suggesting that all three bands contained KSHV particles ( Fig. 1D) . Only viruses from the lowest band contained the KSHV genome (Fig. 1E) , indicating that viruses from the lowest band shown in Fig. 1B were type C KSHV particles (mature KSHV virions) and viruses from the other two bands were B type and A type KSHV particles, respectively. Taken together, these results confirmed that the virus particles found in the three bands from the supernatant of reactivated BCBL-1 cells were A type, B type, and C type KSHV particles, respectively. RNA extracted from KSHV virions contains small RNAs. Total RNA was then extracted from purified C type KSHV particles (termed virional RNA) after removing external nucleic acids by nuclease (Fig. 2A) . The concentration and purity of virional RNA were subsequently measured by a NanoDrop 1000 spectrophotometer (NanoDrop Technologies). Typically, approximately 5 g virional RNA can be obtained per liter of induced supernatant of BCBL-1 cells (Fig. 2B) . The OD 260 / OD 280 ratio (where OD 260 is optical density at 260 nm) of virional RNA was about 2.00 (Fig. 2C) , suggesting that virional RNA contained pure RNA molecules. Four viral transcripts found in KSHV virions previously (3) were used to evaluate the reliability of virional RNA quality. All four of these virional transcripts were able to be detected by RT-PCR (Fig. 2D) , confirming their presence in our virional RNA sample. The detection of known viral transcripts in RNA extracted from purified KSHV virions validates the reliability of our virional RNA.
Virional RNAs were then extracted from the supernatants of reactivated Vero/Bac36, TRExBCBL-1-Rta, and BCBL-1 cells, and their sizes were measured using an Agilent 2100 Bioanalyzer. Each virional RNA contained a peak at around 25 nt (Fig. 2E) , which was similar to that found in the BCBL-1 cell pellet RNA (Fig. 2E ). This result indicated that small RNA was present in virional RNAs extracted from all three cell lines that harbor KSHV.
Virus miRNAs are detected in small RNAs extracted from KSHV virions. KSHV has its own viral miRNAs (7, 14, 23, 34, 39, 44) , so we determined whether virus miRNAs were present in KSHV virional small RNAs. Four highly expressed viral miRNAs in KSHV-positive cells were chosen as detection targets. Indeed, four KSHV miRNAs were readily detected in the virional RNA using both Bulge-Loop RT-PCR (Fig. 3A) and probe-specific TaqMan RT-PCR (Fig. 3B) . These miRNA signals were generated from RNA rather than any contaminated viral genomic DNA, because no miRNA signal was generated when virional RNA without reverse transcription was directly used as the template for probe-specific TaqMan RT-PCR (Fig. 3B, ϪRT) . These miRNA signals were more likely to be generated from RNA packaged inside the virus particles, because pure miRNAs bound externally on the virus particles were sensitive to RNase treatment (Fig. 3B,  ϩRNaseϩRT) . In addition to virional RNA extracted from the mature C type KSHV particles (mature KSHV virions), these four virus miRNAs were also detected in the total RNA extracted from both A type and B type KSHV particles (Fig. 3C) . Overall, these data demonstrate that at least four viral miRNAs were present in all three types of KSHV particles.
Cellular miRNAs are also detected in small RNAs extracted from KSHV virions. We then asked whether KSHV virions contained any cellular miRNAs. We used a deep sequencing approach to address this question. We performed HiSeq deep sequencing with small RNAs (15 to 35 nt) extracted from KSHV virions that were generated from Vero/Bac36 cells, TRExBCBL-1-Rta cells, and BCBL-1 cells. Annotated HiSeq deep sequencing data confirmed the presence of the four viral miRNAs (see Table S1 in the supplemental material) that were detected by Bulge-Loop RT-PCR and probe-specific TaqMan RT-PCR (Fig. 3A to C) , while it also uncovered that additional virus miRNAs were present within KSHV virions (see Table S1 ).
In addition to the virus-encoded miRNAs, the HiSeq deep sequencing data also showed that more than 100 cellular miRNAs were present in the KSHV virions that were generated from all three KSHV-positive cell lines. Many of the top 50 miRNAs were repeatedly detected in small RNAs extracted from the KSHV virions that were purified from different cellular backgrounds (see Table S2 in the supplemental material).
Viral preparations have no detectable miRNA-containing vesicles. Several extracellular vesicles have been reported to contain miRNAs (reviewed in reference 27). Although there is no obvious structures of exosomes in our purified virus samples (Fig. 1C) , we wanted to make sure the miRNAs detected in our viral preparations were not artifacts. We first measured the floating density of all three types of KSHV particles in sucrose gradients. The floating density of KSHV virions in sucrose gradients (Fig. 4A) is much larger than that of other vesicles reported to contain miRNAs (see Table S3 in the supplemental material). However, to fully eliminate the possibility that miRNAs are packaged in vesicles other than KSHV particles during viral production, we detected the presence of typical markers for those miRNA-containing extracellular vesicles by immunoblot analysis. As shown in Fig. 4B , neither CD63 nor CD81 could be detected in our purified virus sample while viral tegument protein ORF45 was readily detected, which strongly suggests that our viral preps have no contamination of miRNAcontaining vesicles reported previously.
Virion-associated miRNAs colocalize with KSHV virion. To further confirm that miRNAs are packaged in KSHV particles other than vesicles like exosomes, we performed in situ hybridization-electron microscopy (ISH-EM) to directly detect representative viral and cellular miRNAs packaged in KSHV virions using 5= The floating density of all three types of KSHV particles in 30 to 60% noncontinuous sucrose gradient centrifugation. Induced supernatant was first centrifuged at 29,000 ϫ g for 2 h as described in Materials and Methods. The pellet was then centrifuged at 50,000 ϫ g for 4 h after being loaded onto 30 to 60% noncontinuous sucrose gradient. The floating densities of all three types of KSHV particles (A type, ϳ1.18 g/ml; B type, ϳ1.20 to 1.21 g/ml; C type, ϳ1.23 to 1.24 g/ml) are much larger than that of typical exosomes (ϳ1.15 g/ml). (B) Immunoblot analysis for miRNA-containing vesicle markers CD63 and CD81 and viral tegument protein ORF45 with purified KSHV particles. KSHV in the CD63 and CD81 panel refers to KSHV particles purified in 500 ml induced supernatant from BCBL-1 cells. KSHV in the ORF45 panel refers to KSHV particles purified in 100 ml induced supernatant from BCBL-1 cells. Supernatant from induced BCBL-1 cells was centrifuged at 29,000 ϫ g for 2 h as described in Materials and Methods. The pellet was loaded onto the gel before sucrose gradient ultracentrifugation. BCBL cell refers to the protein sample prepared with BCBL-1 cells. biotin-labeled locked nucleic acid (LNA) scramble sequence or probes specific for KSHV miR-K12-4-3p and cellular hsa-miR-21. Under our conditions for miRNA in situ hybridization, we could not detect any gold particles with the scramble probe ( Fig. 5A to C), while gold particles were repeatedly observed to colocalize with KSHV virions using probes specific for representative viral (Fig. 5D to F) and cellular ( Fig. 5G to I ) miRNAs. Since external RNAs were readily degraded by RNase treatment (Fig. 3B) , the result indicated that both miR-K12-4-3p (Fig. 5D to F) and hsamiR-21( Fig. 5G to I) were present inside KSHV virions. Overall, these data demonstrate that both KSHV virion-associated viral and cellular miRNAs were present inside the KSHV virion. usRNAs are present in KSHV virional small RNAs. We tested whether other classes of small RNAs were present in KSHV virional small RNAs in addition to miRNAs. Annotated HiSeq deep sequencing data indicate that no endogenous short interfering RNAs (endo-siRNAs) or Piwi interacting RNAs (piRNAs) were present in the KSHV virional small RNAs extracted from Vero/ Bac36, TRExBCBL-1-Rta, or BCBL-1 cells. This is consistent with the notion that KSHV does not carry any viral siRNAs or piRNAs. In addition, no viral miRNA off-target RNA (moRNA) sequence (23, 44) could be recovered from any virional small RNAs. Analysis of the length of distribution of miRNAs identified a peak of 17 to 19 nt for some miRNAs, in addition to the typical peak of 21 to 23 nt of common miRNAs (Fig. 6A to E) . This result suggested that these 17-to 19-nt RNAs were not transient degradation products of miRNAs, and they were probably the previously reported unusual small RNAs (usRNAs) derived from miRNAs (20) . We also found a group of highly abundant small RNA sequences with a peak of 18 nt that mapped to U2 small nuclear RNAs (snRNA) (Fig. 6F) . Their reads account for approximately 1.08, 24.50, 29.96, and 81.46% of total reads of Vero/Bac36 KSHV virional RNA, TRExBCBL-1-Rta KSHV virional RNA, BCBL-1 KSHV virional RNA, and BCBL-1 pellet RNA, respectively. Their high abundance dismisses the notion that they are transient degradation products of U2 snRNAs during viral production. These sequences did not contain position-specific motifs that were similar to the usRNAs that have been reported previously (20) , suggesting that these U2 snRNA-derived usRNAs were generated by different mechanism(s). Taken together, these data indicate that besides miRNAs, miRNA-derived and non-miRNA-derived usRNAs are also present in KSHV virional small RNAs.
Selectivity of miRNAs detected in KSHV virion. To test whether miRNAs were selectively packaged in KSHV virions, we initially used probe-specific TaqMan RT-PCR to compare the miRNAs in these three different types of KSHV particles. Al- though the amount of miRNAs varied in the three types of KSHV particles, the trend for the expression level of the four viral miRNAs goes up and down similarly in the A type and B type KSHV particles (Fig. 7A) , suggesting that the A type and B type KSHV particles contained a similar ratio of these four viral miRNAs. The trend of expression levels four the viral miRNAs was different in KSHV virions from that found in the A type and B type virus particles (Fig. 7A) , suggesting that the relative ratio of four viral miRNAs in the virion was different from that in the other two types of KSHV particles. miRNAs were significantly enriched inside the KSHV virions compared to U6 snRNA (Fig. 7B) , suggesting that miRNAs were preferentially packaged into KSHV parti- cles compared to other small RNA species. Differential expression analysis of miRNAs using scatter plot showed that one group of miRNAs was enriched in KSHV virions, whereas two other groups of virional miRNAs were either equally expressed or downregulated ( Fig. 7C ; also see Table S4 in the supplemental material). These data demonstrate that the expression levels between intracellular and extracellular miRNAs are different and the relative ratio of miRNAs in KSHV virions is different from that in A and B types of KSHV particles. Quantification of miRNAs in KSHV virion. The total copy numbers of these four virional miRNAs in the supernatant of reactivated BCBL-1 cells were then quantified using their corresponding miRNA mimics as the standards. The copy numbers of these four viral miRNAs in KSHV virions ranged from 10 10 to 10 11 per liter in the induced supernatant of BCBL-1 cells (Fig. 8A) .
Compared to the uninduced supernatants of BCBL-1 cells, the induced supernatants contained greater than one or two orders of magnitude more miRNAs (Fig. 8A) , suggesting that miRNAs were transported into the supernatant by the newly released viral progeny. The average copy numbers of four selected viral miRNAs per KSHV virion then were calculated as described in Materials and Methods. The average copy numbers of four selected viral miRNAs per KSHV virion range from about 700 to 7,000 more ( Fig. 8B) , implying that they have functions. KSHV virional miRNAs are biologically functional. We then determined whether these virional miRNAs were biologically relevant. To address this question, we first determined whether virional miRNAs were transported into host cells during KSHV de novo viral infection. Using probe-specific TaqMan RT-PCR, we found that the selected four virional miRNAs were only detected in RNA extracted from HEK293T cells that were de novo infected with KSHV but not from mock-infected HEK293T cells (Fig. 9A) . The data suggest that these viral miRNAs were present in target cells during de novo viral infection. All four viral miRNAs were detected in HEK293T cells as early as 10 min after viral infection (Fig. 9A) , strongly suggesting that these viral miRNAs were transported into cells together with KSHV virions and that they were not newly transcribed.
We then assessed the biological relevance of these virional miRNAs using KSHV virions or UV-inactivated KSHV virions. The numbers of GFP-positive cells were greatly decreased for HEK293T cells infected with UV-treated rKSHV.219 (Fig. 9B) , indicating that KSHV was transcriptionally inactivated by UV treatment. The activity of the reporter gene targeted by virional miRNA miR-K12-4-3p in HEK293T cells infected with KSHV or UV-treated KSHV was significantly decreased compared to that in HEK293T cells that had been mock infected with culture media of latent KSHV-positive cells (Fig. 9C) , while the activity of reporter genes targeted by nonvirional miRNA, miR-K12-5-5p (see Table  S1 in the supplemental material), was not significantly changed (Fig. 9C) , suggesting that these two virional miRNAs were biologically functional during viral infection. Overall, these results indicate that virional miRNAs are brought into host cells and that they are biologically relevant during de novo viral infection.
DISCUSSION
Viruses have long been considered to contain only one type of nucleic acid as their genetic material. The genetic content has usually been recognized as the main discriminator during viral classification (26, 38) . Many viral classification systems have been set up based on the viral genome content and other viral characteristics, e.g., the famous Baltimore classification system, which is based on viral genetic contents and their strategy of replication. The discovery of many RNA species in a group of DNA virus particles has redefined this consensus (3, 6, 9, 10, 13, 15, 36, 38, 40, 48) . These discoveries have opened up a new avenue of DNA virus biology, particularly herpesvirus biology. However, the functions of these virional RNAs are largely unknown in the context of viral infection. The exact composition of the RNAs present in DNA virus particles also remains undefined. Based on the diversity of RNA molecules discovered in those DNA virus particles and their ability to possess their own viral miRNAs, we hypothesized that virus miRNAs could also be present in those DNA virus particles.
In this study, we utilized KSHV as a model herpesvirus and showed that KSHV particles contained small regulatory RNA molecules based on indirect evidence by Bulge-Loop RT-PCR, probe-specific TaqMan RT-PCR, and HiSeq deep sequencing ( Fig. 3 and 6 ; also see Table S1 and S2 in the supplemental material) and by direct evidence through ISH-EM probing virional miRNAs (Fig. 5) . These small regulatory RNAs are KSHV miRNAs, cellular miRNAs, miRNA-derived usRNAs, and U2 snRNA-derived usRNAs. miRNAs were enriched in KSHV virions compared to other non-miRNA RNA (Fig. 7B) . One group of poorly expressed miRNAs in the host cells was enriched in the KSHV virions ( Fig. 7C ; also see Table S4 ). All of these data suggest that some miRNAs are preferentially packaged into KSHV virions during virus production. The different ratio of viral miRNAs in mature KSHV virions compared to that in A and B types of KSHV particles suggest that those virional miRNAs have a role in KSHV virion maturation. Virional miRNAs were able to be transported into host cells, and they were competent to dampen gene expression during de novo viral infection (Fig. 9C) .
Most recently, Amen and Griffiths showed that in the presence of actinomycin D, viral miRNAs were able to be detected in target cells at 60 min after herpes B virus infection (2). Although they had not examined the purity of their condensed virus preparation, which could be contaminated with exosomes or other miRNA-containing entities, their data suggested that viral miRNAs are present in the herpes B virus particle, a DNA virus particle. The assembly process of virus particles is shared by most, if not all, herpesviruses (29) , so the acquisition of miRNAs may be a common phenomenon in herpesviruses. As almost all of the herpesviruses, polyomaviruses, and adenoviruses tested so far have been demonstrated to encode their own viral miRNAs (http://www .mirbase.org/cgi-bin/browse.pl), it is likely that these DNA virus particles also contain miRNAs encoded by viruses.
The high abundance of U2 snRNA-derived usRNAs (Fig. 6F ) suggests that they are not randomly degraded fragments, especially taking into consideration that those RNA fragments were surrounded by RNases released by lysed cells at the time of virus collection. These highly abundant U2 snRNA-derived usRNAs may play an essential role in KSHV de novo viral infection, or they may help KSHV assemble virus particles during the late lytic replication phase. The fact that no KSHV-encoded moRNAs are detected in our deep sequencing data suggests that viral moRNAs previously found in KSHV-positive cells at early times postinduction are more likely to be degraded intermediates.
Colloidal gold-LNA-miRNA probe-based ISH-EM provides a way to detect the precise location of miRNAs at the nanometer scale. ISH-EM may be useful for dissecting the functions and localizations of miRNAs when combined with other technologies, such as immunogold staining.
Many questions remain. The underlying mechanism(s) of virional miRNA and usRNA packaging and selectivity is not known. Pure miRNAs and usRNAs are negatively charged and sensitive to RNase (Fig. 3B) . It is conceivable that they are associated with other partners, such as RNA-binding proteins, forming more stable ribonucleoprotein (RNP) complexes. Studies from host noncoding RNA 7SL present in HIV-1 virions showed that the package of 7SL is dependent on a cis element in 7SL and the interactions between 7SL, HIV-1 Gag, and host cell signal recognition particle (SRP) (16) . It is possible that KSHV utilizes a similar strategy to package its virional miRNAs and usRNAs. How- The estimated MOI used in all three experiments was 5. Data shown are the means Ϯ SD from three independent experiments. ***, P Ͻ 0.001; **, P Ͻ 0.01; n.s., not significant; Student's t test was used to determine significance.
ever, mass spectrometry analysis of KSHV virion proteins (4, 49) showed that the KSHV virion does not contain any homologues to the RNA-binding proteins that have been reported in the virions of herpes simplex virus (HSV) (41) . Meanwhile, those virional miRNAs and usRNAs do not share an obvious homologous domain. Thus, it remains unclear whether any unknown viral or host RNA-binding proteins are responsible for the packaging of virional miRNAs. One possibility is that some known virion protein with unknown RNA binding function is responsible for virional miRNA packaging. Another explanation is that there is some RNA binding protein in the KSHV virion, but its expression level is very low and could not be detected by mass spectrometry. Additionally, the RNA binding protein(s) that is responsible for KSHV virional miRNA packaging may exert its RNA sorting function during the process of virus assembly but does not stay inside KSHV virions after mature KSHV virions are formed.
The localization of virional miRNAs and usRNAs in KSHV virions is also unknown at present. They may localize in the tegument and/or inside the capsid. Our ISH-EM data suggest that KSHV virional miRNAs mainly localize in the tegument of KSHV virions (Fig. 5) . This is consistent with the observation that mature miRNAs mainly localize in the cytoplasmic compartment of the cells (19) . However, we also observed that in some cases the virional hsa-miR-21 localizes inside the viral capsid ( Fig. 5H and data not shown). Several miRNAs, including hsa-miR-21, have been shown to have a nucleolar location in muscle cells (35) . It is unclear whether hsa-miR-21 also localize in the nucleolus in KSHVpositive cells. If so, hsa-miR-21 may be acquired by KSHV during capsid formation in the nuclear compartment. Future studies with higher resolution methods, such as electron tomography (ET) or other biochemical methods, are needed to determine the exact localization of virional miRNAs in KSHV virions and whether the location will affect their function.
We noticed that there were miRNAs released in the culture medium of latently infected KSHV-positive cells (Fig. 8A, uninduced) . The relative centrifugation force used for KSHV purification is much smaller than that commonly used for exosome purification. We did not observe any obvious exosomes in our sample under EM, so these miRNAs may come from entities other than exosomes. It will be interesting to know how these miRNAs are generated, in what form they exist in the culture medium, and what their functions are.
Another interesting issue is how these U2 snRNA-derived usRNAs are generated. Although we named them U2 snRNA-derived usRNAs, we do not have any evidence to support whether they are processed from a U2 snRNA precursor or are transcribed from its own promoter. The primary sequence of this usRNA is very similar to that of hsa-miR-1246. It will be interesting to know whether miRNA machineries are required for the production of U2 snRNA-derived usRNA, since there has been no report of miRNAs derived from snRNAs yet.
In addition, the in vivo role of these virional miRNAs and usRNAs remains unclear. Some miRNAs have been shown to be upregulated at early time points after KSHV de novo viral infection (17, 37, 43, 47) . Those miRNAs include virional hsa-miR-21 and hsa-miR-146a. hsa-miR-146a might contribute to KS development by promoting premature release of KSHV-infected endothelial progenitors into circulation through repressing the expression of CXCR4 (37) . However, most virional miRNAs have not been studied in the context of KSHV infection. There are several possibilities regarding the roles of virional miRNAs and usRNAs. (i) No specific function, i.e., small RNAs are simply randomly packaged inside virions or they are simply the consequence of viral production. (ii) No specific function, i.e., small RNAs are simply packaged into the virus particles during capsidation or envelopment, because they are capable of interacting with capsid proteins or tegument proteins. (iii) Virional miRNAs and/or usRNAs are required for virus particles maturation, i.e., RNA species, including virional miRNAs, usRNAs, mRNAs, and noncoding RNAs, are structural elements of KSHV particles, like some RNAs found in retroviruses (30, 46) . (iv) Virional miRNAs and usRNAs may be used to help the virus evade the host immune system, which might facilitate latency during de novo viral infection.
Studies from Epstein-Barr virus (EBV) showed that virional RNAs in EBV virions can help EBV set up the viral latency, induce cytokines synthesis, and evade the host T-cell response to newly infected B cells (15) . KSHV virional miRNAs and usRNAs may have similar functions due to the intimate relations between these two gammaherpesviruses. Based on the abundance of some virional miRNAs and U2 snRNA-derived usRNA and the potential roles of miRNAs in the regulation of gene expression, it is believed that virional miRNAs and usRNAs play critical roles in the KSHV life cycle, especially in preparation of an environment (such as viral host immune system evasion and antiapoptosis) for virus during de novo viral infection.
